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Abstract 
In recent times, light gauge cold-formed steel sections have been used extensively since they 
have a very high strength to weight ratio compared with thicker hot-rolled steel sections. 
However, they are susceptible to various buckling modes including a distortional mode and 
hence show complex behaviour under fire conditions. Therefore a research project based on 
detailed experimental studies was undertaken to investigate the distortional buckling 
behaviour of light gauge cold-formed steel compression members under simulated fire 
conditions. More than 150 axial compression tests were undertaken at uniform ambient and 
elevated temperatures. Two types of cross sections were selected with nominal thicknesses of 
0.60, 0.80, and 0.95 mm. Both low (G250) and high (G550) strength steels were used. 
Distortional buckling tests were conducted at six different temperatures in the range of 20 to 
800°C. The ultimate loads of compression members subject to distortional buckling were then 
used to review the adequacy of the current design rules at ambient and elevated temperatures. 
This paper presents the details of this experimental study and the results. 
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1. Introduction 
 
Light gauge cold-formed steel sections are more economical than traditional hot-rolled steel 
sections. The use of very thin (0.4 to 1.2 mm) and high strength cold-formed steel sections in 
light weight floor and wall systems has increased rapidly around the world due to the 
development of advanced material and manufacturing technologies. However, the high 
section factor of such cold-formed thin-walled steel members and the high thermal 
conductivity of steel lead to rapid steel temperature rise during fires and hence result in lower 
fire resistance. Therefore the structural behaviour of light gauge steel structures under fire 
conditions has emerged as an important area of research in order to improve their fire safety. 
In recent times, considerable progress has been made in this field by Feng et al. (2003a,b,c, 
2004), Ranby (1998), Kaitila (2002), Ala-Outinen and Myllymaki (1995), Outinen (1999) and 
Chen and Young (2004). Their research ranged from local and flexural buckling of cold-
formed steel columns at elevated temperatures to the effects of initial imperfections and non-
uniform temperature distributions, and mechanical properties at elevated temperatures. Their 
research results provided a strong base for the fire safety research and design of light gauge 
cold-formed steel structures.  
 
Light gauge cold-formed steel columns are susceptible to various buckling modes and their 
interactions, and hence show complex behaviour under fire conditions. Local and distortional 
buckling are the most common failure modes of short compression members. Local buckling 
effects have been investigated at both ambient and elevated temperatures by Kaitila (2002), 
Lee (2004), Feng et al. (2003a,b), Ala-Outinen and Myllymaki (1995) and Ranby (1998). 
Feng et al. (2003a,b) undertook local and distortional buckling studies using both 
experimental and numerical analyses. They showed that ambient temperature design method 
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can be used to predict the strengths of short cold-formed steel columns at elevated 
temperatures provided appropriately reduced mechanical properties are used. In their 
numerical analyses and comparisons with ambient temperature design methods, they used the 
mechanical properties given in ECS (2001) and Outinen (1999).  
 
In practical applications, cold-formed steel studs are likely to be protected by plasterboard or 
similar boards, resulting in studs being subject to a non-uniform temperature condition. 
However, if the maximum temperature in the studs can be estimated for a fire event, the stud 
compression strength under fire conditions can be estimated using a uniform elevated 
temperature design method. Hence past research has used this simpler uniform elevated 
temperature approach in their research (Ranby, 1998, Lee, 2004, Feng et al., 2003a,b). 
However, Feng et al. (2003c) extended their work to include the important effects of non-
uniform elevated temperatures on the axial strength of cold-formed steel channels using 
numerical studies. 
 
To date the relatively new distortional buckling behaviour of cold-formed steel members has 
not been investigated in detail at elevated temperatures. Therefore in this research detailed 
experimental studies were undertaken to investigate the pure distortional buckling behaviour 
of light gauge cold-formed steel compression members at uniform elevated temperatures.  
Test specimens were carefully designed using finite strip analyses to ensure the occurrence of 
pure distortional buckling at ambient and uniform elevated temperatures. This research 
considered only the uniform elevated temperature conditions as the aim of this research was 
to understand first the pure distortional buckling behaviour at uniform elevated temperatures. 
Current design codes do not adequately cover the fire design of cold-formed steel structures. 
Therefore the ambient temperature design methods were modified by including the reduced 
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mechanical properties at elevated temperatures and their accuracy was investigated by using 
the test results.  For this purpose, accurate mechanical properties of the cold-formed steels 
used in the compression tests were adopted based on the measured test results of Ranawaka 
and Mahendran (2006a). This paper presents the details of this experimental study and the 
results. 
 
2. Experimental Study 
 
2.1 Test Specimens 
A series of axial compression tests was undertaken by considering both low and high strength 
steels (G250 and G550), two lipped C-sections with and without additional lips (see Figure 1), 
three nominal thicknesses of 0.60, 0.80 and 0.95 mm and six different temperatures in the 
range of 20 to 800ºC. Test specimens with fixed ends were designed to fail by pure 
distortional buckling under axial compression by using finite strip (THIN-WALL) and finite 
element (ABAQUS) buckling analyses. Their section geometry was chosen so that local 
buckling is not critical while the specimen length was chosen to eliminate any global buckling 
effects. Appropriately reduced mechanical properties were used in the buckling analyses to 
verify the occurrence of pure distortional buckling at elevated temperatures for the section 
geometry and length chosen. Additional lengths of 5 mm were provided for each top and 
bottom end to allow for the fixing of specimens to the end plates. Table 1 shows the selected 
cross-section sizes and the length of test specimens.  
 
Tests were repeated two or three times to improve the accuracy of results. This resulted in a 
total of 36 and 120 tests at ambient and elevated temperatures, respectively. The specimen 
dimensions were measured prior to testing. The measured dimensions of b, d, h and s varied 
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slightly from the nominal dimensions given in Table 1 with the maximum difference being 
5%. The total coated and base metal thicknesses of each specimen were measured using a 
micrometer screw gauge and a special coating thickness gauge, respectively. In addition the 
base metal thickness was also obtained by removing the coating by using 1:1 diluted 
hydrochloric acid. The measured average base metal thicknesses are given in Table 1. 
Measured dimensions including the base metal thickness were used in all the calculations.  
 
The initial geometric imperfections were also measured using a special laser beam device.  
The measured imperfections were found to be close to the thickness of the high strength steel 
specimens, but less for low strength steel specimens. The ends of each specimen were set flat 
and parallel to each other to ensure full contact between the specimen and the end plates. For 
easy identification, test specimens were labelled appropriately, for example, G250-0.6-20-A1, 
where G250 = steel grade, 0.6 = nominal thickness, 20 = temperature, A = section type and 1 
= specimen number. 
 
A fixed-end condition was used in this study since the test set-up is simpler than that of pin-
end condition.  Specially designed end plates with a 5 mm deep groove were used to provide 
the required fixed-end conditions (see Figure 2). The groove was filled with Pyrocrete 165 
coil grout as it had adequate strength at both ambient and elevated temperatures to be able to 
provide the required fixed end conditions. The centroid axis of the end plates and the 
specimen cross section were kept the same to simulate a uniformly distributed concentric 
axial compression load.    
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2.2 Test Set-up and Procedure at Ambient Temperature 
 
Test specimens with fixed-end plates were placed between the large cross heads of a universal 
testing machine (Tinius Olsen) and loaded concentrically in axial compression until the 
specimens failed (Figure 3).  The out-of-plane deflections of both flanges were measured 
using displacement transducers at mid-height and 5 mm away from the flange-lip junction for 
Type A specimens whereas the out-of-plane deflections of one flange and one lip were 
measured for Type B specimens in order to monitor distortional buckling deformations 
(Figure 3 (b)). An additional displacement transducer was located on the web to monitor any 
web deflections. The shortening of the specimen was also recorded by the testing machine. 
Figure 3 (a) shows the overall test set-up. 
 
2.3 Test Set-up and Procedure at Elevated Temperatures 
 
A specially designed electrical furnace was used to simulate fire conditions (see Figure 4). 
Temperature in the furnace was controlled by a microcomputer based temperature indicating 
system. Four glow bars were used to heat the furnace. The glow bar locations in the furnace 
ensured evenly distributed heat throughout the furnace. The air temperature inside the furnace 
was measured by two thermocouples located inside the furnace. An additional portable 
thermometer was used externally and attached to the specimen to measure the specimen 
temperature. 
 
All the experiments were undertaken in the steady state condition. The temperatures chosen in 
this study were from ambient temperature to 800ºC at intervals of 150oC, i.e., 200, 350, 500, 
650 and 800ºC. The furnace was first heated up to the required temperature at a rate of 10 to 
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20ºC/min. It was then maintained for about 20 minutes so that the specimen also reached the 
required temperature.  The specimen was allowed to freely expand when the temperature was 
increased by maintaining a zero load on the specimens. An automatic temperature controller 
was used to ensure the upper limit of the temperature and to control the increasing rate of 
temperature. The specimen temperature measured by the thermometer and the air temperature 
measured by the thermocouples were the same. 
 
The transient state test method is generally considered to be more close to the real fire 
conditions. However, Lee (2004) and Outinen (1999) showed that the difference between the 
transient and steady state test methods is negligible by conducting experiments using both 
methods. Further, the duration of both the steady state and the transient state tests was only 
about an hour and hence the creep effects will be negligible.  
 
The specimens with the two end plates were kept between the two loading shafts.  The bottom 
shaft was fixed and the load was applied via the top shaft.  The furnace with the specimen 
inside was placed on the Tinius Olsen Testing Machine. An axial compression load was then 
applied to the specimens via the top loading shaft using a displacement control method at a 
rate of 0.3 mm/min. The specimens were loaded until they failed while maintaining the pre-
selected temperatures. Horizontal flange displacement at the mid height of specimens and 
their axial shortenings were measured. Figure 4 shows the overall test set-up. 
 
3. Results 
 
The elastic buckling and ultimate loads were recorded during the tests. All the test specimens 
failed by pure distortional buckling as shown in Figure 5. The elastic buckling load was taken 
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as the load at which the flanges were seen to move out-of-plane. However, it was difficult to 
determine the exact elastic buckling load through visual observations. Therefore 
Venkataramaiah and Roorda’s (1982) method based on the compression load versus out-of-
plane deflection2 curve was also used, in which the elastic buckling load was taken as the 
intersection point of the load axis and the post-buckling curve. Figures 6 and 7 show the axial 
compression load versus out-of-plane deflection and the axial compression load versus axial 
shortening graphs for 0.95 mm Type A G250 specimen at ambient and elevated temperatures, 
respectively. Further details of the experimental study and the results are given in Ranawaka 
(2006). 
               
3.1 Buckling Modes 
 
Two types of distortional buckling failure modes were observed in the ambient temperature 
tests while there were three types in the elevated temperature tests. Ambient temperature test 
results showed that columns failed by both flanges moving inwards or outwards. In addition 
to these two modes, many test columns failed due to one flange moving outward while the 
other flange moving inward at elevated temperatures (see Figure 5). It was found that the 
failure modes of nominally identical columns were different even though the failure loads 
were about the same when the tests were repeated at the same temperature. Therefore it 
appears that imperfections influenced the type of distortional buckling failure mode. 
 
3.2 Post-buckling Capacity 
 
Ambient temperature test results showed that post-buckling capacity is negligible for 
distortional buckling failure modes, i.e. the maximum ratio of ultimate load to elastic 
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distortional buckling load was 1.09. These results agree with Lau and Hancock’s (1988) and 
Schafer and Pekoz’s (1998) observations. Elevated temperature tests also gave similar results 
with a maximum ratio of 1.04. The sections used in this study have a non-dimensional 
slenderness value (square root of yield strength/distortional buckling strength) in the range of 
1 to 1.5. This explains why the post-buckling strength was small. Post-buckling capacity in 
the case of distortional buckling of compression members mainly depends on the slenderness 
of the section (AISI, 2004). Higher post-buckling capacity will be available for more slender 
sections subject to distortional buckling.  
 
3.3 Distortional Buckling Behaviour of Low and High Strength Steel Specimens 
 
The ultimate loads of the low and high strength steel Type A specimens at varying 
temperatures are compared in Figures 8 and 9. It can be seen that the strength reduction with 
increasing temperature was not uniform. The compression strength reduced at a lower rate at 
low temperatures (up to 350oC), but reduced at a higher rate at high temperatures (350oC to 
650oC). The ultimate loads were considerably small at 800oC.  Low and high strength steel 
columns of similar sizes show a considerable difference in their ultimate loads at low 
temperatures. However, when the temperature was increased, the difference decreased 
considerably at higher temperatures (beyond 400oC). These variations in the ultimate load 
with temperature reflect the corresponding changes in their mechanical properties (see Tables 
2 and 3). The yield strength of high strength steels was found to decrease rapidly at 
temperatures higher than 400oC as the effect of cold-working was lost. This observation 
supports the rapid ultimate load reduction for high strength steel columns at temperatures 
beyond 400oC. 
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3.4 Ductility 
 
The ductility of low strength steel is higher than that of high strength steel and therefore the 
same trend was also expected for the compression members. Ductility of the test sections was 
measured from the load versus shortening plots based on δU/δY, where δU is the displacement 
at 85% of the ultimate load on the descending curve while δY is the displacement at specimen 
yield. The yield load was observed as the load at the point where the axial compression versus 
axial shortening graph changes from its original straightness. The ductility values based on 
δU/δY varied from 1.23 to 4.78 and 1.64 to 6.80 for G250 and G550 steel specimens, 
respectively. These results show that the high strength steel specimens have a higher ductility 
capacity than the low strength steel specimens although tensile coupon test results show the 
opposite trend. This is partly due to the fact that the tensile coupon test mostly defines the 
ductility behaviour at material level. Mistakidis (1999) stated that the ductility obtained from 
the tensile coupon test gives completely different results when compared with the ductility 
measured based on actual cross-sections. The results also showed that thicker steel specimens 
had larger ductility and that the ductility of the specimens increased with temperature. At 
800oC the ductility of the specimens has increased by more than three times that at the 
ambient temperature. 
 
4. Comparison of Test Results with Predictions from Current Design Rules 
 
4.1 Ambient temperature 
 
AS/NZS 4600 
The ultimate loads obtained from the compression tests were compared with the predictions 
from the available design rules in AS/NZS 4600 (SA, 2005). Only AS/NZS 4600 includes 
these relevant equations for distortional buckling. Lau and Hancock (1987) developed 
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Equation 1 (a) whereas Kwon and Hancock (1992) developed Equation 1 (b) to extend Lau 
and Hancock’s curve for slender sections which may buckle in the distortional mode in the 
post-buckling range. They were developed for the singly-symmetric sections such as lipped 
channels with additional rear flanges. Equations 1 (a) and (b) give the ultimate load capacity 
Pn of compression members subject to distortional buckling.  
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where A = Gross area of the cross-section, fy = Yield strength of  steel, fn = Ultimate strength, 
fod = Elastic distortional buckling strength.  
 
In using Equations 1(a) and (b), the measured values of base metal thickness, section 
dimensions, yield strength and elastic modulus were used. Tables 2 and 3 give the measured 
yield strength and elasticity modulus values for the three thicknesses and two steel grades 
considered here (Ranawaka and Mahendran, 2006a). 
 
Elastic distortional buckling stresses (fod) were determined based on visual observations and 
Venkataramaiah and Roorda’s (1982) method. They were also determined using a finite 
element model of the tested specimens (ABAQUS). Details of this finite element model are 
given in Ranawaka and Mahendran (2006b) and Ranawaka (2006). Measured base metal 
thicknesses and dimensions given in Table 1 and elasticity modulus values based on Table 3 
were used in the analyses. There was reasonable agreement between the buckling load results 
(1(a)) 
(1(b)) 
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from experiments and finite element analyses. However, there were some discrepancies in the 
results, particularly at higher temperatures. This is mainly due to the difficulties with visual 
observations as well as the out-of-plane displacement measurements. Therefore in the 
prediction of ultimate loads using Equations 1 (a) and (b), fod values from finite element 
analyses were used to improve the consistency in the results. It must be noted that in these 
finite element analyses the measured values of base metal thickness, section dimensions and 
elasticity modulus based on Tables 1 and 3 were used. 
 
Clause 1.5.1.5 of AS/NZS 4600 states that the yield strengths of 0.6 and 0.8 mm G550 steels 
should be taken as the lesser of 90% of the yield strength or 495 MPa, to allow for the 
reduced ductility in these steels. Therefore the reduced yield strengths were used in Equations 
1 (a) and (b) for 0.6 and 0.8 mm thick G550 steel specimens.  
 
Table 4 and Figure 10 compare the predicted ultimate loads from Equations 1 (a) and (b) with 
the experimental ultimate loads. The gross cross sectional area was used here rather than the 
effective area since local buckling failure effects were not present. The measured yield 
strength values from the tensile coupon test results were used to non-dimensionalise the test 
results as given in Hancock (1998). The mean values of the ratio between the two loads for 
Type A specimens are 1.07 and 1.0 for low and high strength steels, respectively, while the 
COV is about 0.04. The mean values of Type B specimens are 1.18 and 1.14 for low and high 
strength steels, respectively while the higher COV value is 0.127. Therefore it can be 
concluded that the design equations in AS/NZS 4600 are reasonably accurate for the 
commonly used light gauge cold-formed steel compression members (lipped C-sections with 
and without additional lips) at ambient temperature. The AS/NZS 4600 predictions are more 
accurate for Type A specimens while being more conservative for Type B specimens (see 
 13
Table 4).  It may be desirable to investigate the accuracy of AS/NZS 4600 design rules for 
distortional buckling of other sections. 
 
Direct Strength Method 
The direct strength method (DSM) originally proposed by Schafer and Pekoz (1998) is an 
alternative method to determine the strength of cold-formed steel members. This method is 
now included in the supplement of the North American Specification (AISI, 2004). It includes 
the distortional buckling strength of cold-formed steel compression members. Therefore the 
predictions based on the DSM were compared with experimental results from this research. 
However, it must be noted that the direct strength method was calibrated based on the 
available test data for pin-ended concentrically loaded compression members (AISI, 2004). 
Equations 2 (a) and (b) give the ultimate load capacity of compression members (Pn) that fail 
by distortional buckling.  
  
For 
For 
 
                        where       
As recommended by AS/NZS 4600, a reduced yield strength (90%) was used for 0.6 and 0.8 
mm G550 steel sections. Experimental results are compared with predictions in Table 5 and 
Figure 11 and it can be seen that the direct strength method predicts the ultimate strength of 
compression members reasonably well. Although the direct strength method was developed 
based on the results of pin-ended compression members, the results show that it can also be 
used for compression members with fixed-end conditions. However, the experimental to 
predicted ultimate load ratios are 1.002 and 1.039 for Type A specimens and 1.105 and 1.134 
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for Type B specimens with lower COV values (Table 5). Therefore it can be concluded that 
the direct strength method is accurate for Type A specimens while being more conservative 
for Type B specimens. 
 
A reliability analysis of the AS/NZS 4600 and DSM design rules was undertaken using the 
following values and procedure given in AISI (2004): mean and coefficient of variation of the 
material factors of 1.1 and 0.1, mean and coefficient of variation of the fabrication factors of 1 
and 0.05, coefficient of variation of load effect of 0.21, and a correction factor depending on 
the number of tests. Using the overall mean and coefficient of variation for the experimental 
to predicted ultimate load ratios reported in Tables 4 and 5 and a capacity reduction factor of 
0.85 used in AS/NZS 4600 and AISI (2004) gave a reliability index of 2.96 and 2.94 for the 
AS/NZS 4600 and DSM design equations, respectively. These values are greater than the 
minimum target index of 2.5 for cold-formed steel members (AISI, 2004) and hence 
demonstrate the accuracy of the current design rules for ambient temperatures.  
 
4.2 Elevated temperatures 
 
Currently there are no specific design rules to determine the ultimate load capacity of cold-
formed steel columns subject to distortional buckling at elevated temperatures. Therefore in 
this research the available distortional buckling design rules for ambient temperature 
conditions were simply modified by using the appropriately reduced yield strength and 
elasticity modulus parameters at elevated temperatures.  This simplified approach assumes 
that changes to the structural behaviour are adequately simulated by allowing for the reduced 
strength and stiffness values at increasing temperatures. It is also somewhat similar to using 
the same design rules for members made of different steel grades. Feng et al. (2003b) and 
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Ranby (1999) have used a similar approach and showed that such an approach can yield 
satisfactory results. As for ambient temperature tests, elastic distortional buckling stresses at 
elevated temperatures were obtained from finite element analyses by using the appropriately 
reduced elasticity modulus values and were used in the prediction of ultimate loads from the 
modified design equations. Tables 2 and 3 give the measured yield strength and elasticity 
modulus values at elevated temperatures as ratios of ambient temperature mechanical 
properties, referred to as reduction factors (Ranawaka and Mahendran, 2006a). 
   
AS/NZS 4600 
The AS/NZS 4600 equations for distortional buckling are modified based on the above 
simplified approach and are presented as Equations 3 (a) and (b).  
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where fyT and fodT are the yield strength and elastic distortional buckling strength, 
respectively, at elevated temperature (T) based on the reduction factors given in Tables 2 and 
3, respectively.  
 
As specified in AS/NZS 4600, a reduction factor of 0.9 was also used the yield strength of 0.6 
and 0.8 mm G550 steels due to the lack of ductility of these steels. However, AS/NZS 4600 
defines this reduction factor only for ambient temperature conditions. Experimental results 
from this study showed that the ductility of G550 steel specimens improved considerably at 
elevated temperatures. Therefore two different cases were considered in the prediction of 
ultimate loads (Pred.1 and Pred.2 in Tables 6 and 7). In the first case the measured yield 
(3 (a)) 
(3 (b)) 
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strengths at given temperatures were used without the reduction factor of 0.9 while in the 
second case the reduction factor was used. 
 
Tables 6 and 7, and Figure 12 show the comparison of predictions from Equations 3 (a) and 
(b) and the test results for G550 and G250 steel sections. A reasonable overall agreement 
between the predictions and test results can be seen. However, some of them are too 
conservative while others are unsafe. The mean values of the ultimate load ratio of 
experimental results to predictions vary from 0.806 to 1.248 with larger COVs. Figure 12 also 
shows a wider scatter of the test data. Analysing the results in Tables 6 and 7, the following 
observations can be made. The ultimate loads are predicted more conservatively for Type B 
sections as observed in ambient temperature conditions. Accuracy of predictions in general 
improves for thicker sections of both G250 and G550 steels as for ambient temperature 
conditions. Accuracy in prediction appears to get worse with increasing temperatures, which 
might be due to different rate of reductions in yield strength and elasticity modulus at 
increasing temperatures. Since the ultimate loads at very high temperatures of 800oC are 
rather small and hence small errors in the load measurement could have contributed to the 
larger deviations in the experimental to predicted load ratios. The use of reduced yield 
strength to allow for reduced ductility in G550 steels appears to be improving the accuracy in 
the predictions. However, there is insufficient evidence to determine whether this factor 
should be used at elevated temperatures. Based on the improved ductility seen in the 
behaviour of G550 steel columns at elevated temperatures, it is recommended that this factor 
is only used at ambient temperature conditions. In general, predictions appear to be more 
accurate for G250 steel sections.  
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yTnTnT AfAfP ==  
In summary, the deviations between the predicted and experimental ultimate loads appeared 
to have occurred due to section geometry, variations in the rate of reduction of mechanical 
properties with increasing temperatures, and experimental errors associated with elevated 
temperature tests. Therefore the simply modified equations should be further reviewed by 
considering additional results from experiments and finite element analyses.  
 
Direct Strength Method 
The direct strength method (DSM) based equations for distortional buckling are also modified 
by including the reduced yield strength at elevated temperatures, and are presented as 
Equations 4 (a) and (b). As specified in AS/NZS 4600 reduced yield strengths (90%) were 
also used for 0.6 and 0.8 mm high strength steel specimens. 
For 
 
For 
      
   where 
 
Table 8 and Figure 13 compare the ultimate loads predicted by the modified DSM equations 
and test results. Table 8 lists only the mean and COVs of experimental to predicted load ratios 
as the variations are very similar to those observed in the case of AS/NZS 4600 comparisons 
in Tables 6 and 7. Further details are available in Ranawaka (2006). It can be seen that the 
DSM equations predict the ultimate strength of compression members at elevated 
temperatures reasonably well. However, the direct strength method over-predicted the 
ultimate load in many cases while being conservative for some cases. The mean values of the 
ratio of experimental to predicted ultimate loads varied from 0.771 to 1.229. The direct 
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strength method appears to be more unsafe than the AS/NZS 4600 predictions at elevated 
temperatures. The reasons given in the case of AS/NZS 4600 comparisons are equally 
applicable here.  
 
A reliability analysis of the modified design rules was undertaken using the same procedure 
adopted in the case of ambient temperature. Using the overall mean and coefficient of 
variation for the experimental to predicted ultimate load ratios reported in Tables 6 to 8 and a 
capacity reduction factor of 0.85 used in AS/NZS 4600 and AISI (2004) gave a target 
reliability index of about 2, less than the minimum required value of 2.5. This calculation also 
demonstrates the need to further improve the applicability of the modified design equations 
for elevated temperature conditions. However, they can be conservatively used with a reduced 
capacity reduction factor of 0.75.  
 
Limiting Temperature Method 
 
Limiting temperature method is a simple design method for fire conditions, which relies on 
the existence of a limiting temperature at which the steel members fail as a function of load 
ratio. It is recommended by BS 5950 Part 8 (BSI, 1990) for hot-rolled steel members and by 
SCI (1993) for cold-formed steel members. In this research the load ratios were determined as 
the ratio of member capacity at elevated temperature to that at ambient temperature, and 
compared in Table 9 with the values given for columns in walls and studs (or slender 
columns) in SCI (1993).  The load ratios are about the same for both Type A and B sections, 
but there is a considerable difference between G250 and G550 steel sections. They are 
noticeably below the SCI recommended values, indicating that it is unconservative to use SCI 
values. Even the SCI values for studs and slender columns are higher than the values from 
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this research. The difference in values between G550 and G250 steels and SCI is mainly due 
to the differences in their mechanical properties and deterioration characteristics with 
increasing temperatures. SCI load ratios for various limiting temperatures were based on the 
mechanical properties given in BSI (1990), which are different from those measured for the 
cold-formed steels used in this research (Tables 2 and 3). It is recommended that a limiting 
temperature method as proposed in SCI (1993) can be used but it should reflect accurately the 
variation of mechanical properties of cold-formed steels used in the industry.  
 
ECS (1993) simply states that the design capacity equations should not be used if the 
temperature exceeds 350oC. The results obtained in this research show that the average load 
ratio for high strength steel sections is 0.733 while it is 0.534 for low strength steel sections at 
350oC. These load ratios are reasonably high and in fact even at 500oC, the load ratios are 
0.404 and 0.332 for G550 and G250 steel sections. Therefore it appears that simply limiting 
the temperature to 350oC for cold-formed steel structures without considering the load ratios 
is unnecessary. Instead a limiting temperature method as proposed in SCI (1993) based on the 
results obtained in this research can be used in the fire safety design of cold-formed steel 
structures to design the required fire protection. 
 
5. Conclusions 
 
This paper has described an experimental investigation of light gauge cold-formed steel 
compression members subject to distortional buckling at ambient and uniform elevated 
temperatures. More than 150 compression tests were undertaken at temperatures varying from 
20 to 800oC. Two common cross-sections, lipped C-sections with and without additional lips, 
made of 0.60, 0.80 and 0.95 mm low and high strength steels, were used. A full description of 
the distortional buckling and ultimate strength behaviour of cold-formed steel compression 
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members at ambient and elevated temperatures has been presented including ultimate loads, 
failure modes and load-deformation curves. Test results were evaluated and compared based 
on the measured mechanical properties of the same cold-formed steels used in compression 
tests. A detailed comparison of ultimate load results with available distortional buckling 
strength equations based on AS/NZS 4600 and the direct strength method showed that they 
are accurate at ambient temperature. They were able to predict the ultimate loads at elevated 
temperatures reasonably well when appropriately reduced mechanical properties are used. 
However, further improvements are required as their predictions are either too conservative or 
unsafe for some cases at elevated temperatures. The limiting temperature method based on the 
values given in SCI (1993) appears to be unconservative for the cold-formed steels considered 
here. This simple method can be recommended provided more accurate sets of values for load 
ratio and limiting temperature are developed based on relevant mechanical properties of steels 
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                              (a) Overall View                                  (b) Type B Specimen 
 
Figure 3. Test Set-Up for Ambient Temperature Tests 
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(a) Overall View                                       (b) Type A Specimen at 650oC 
 
Figure 4.  Test Set-up for Elevated Temperature Tests 
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(a) Ambient temperature tests                        (b) Elevated temperature tests 
 
Figure 5.  Distortional Buckling Failure Modes  
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Figure 6. Typical Load-Deformation Curves for Ambient Temperature Tests 
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Figure 7. Typical Load-Deformation Curves for Elevated Temperature Tests 
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(a) G550 steel  columns 
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      (b) G250 steel columns 
Figure 8. Comparison of Load-Shortening Curves for 0.95 mm Steel Sections  
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(a) Type A specimens 
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     (b) Type B specimens 
 
Figure 9. Ultimate Load versus Temperature Curves 
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Figure 10. Comparison of AS/NZS 4600 Predictions with Test Results at Ambient 
Temperature 
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Figure 11. Comparisons of DSM Predictions with Test Results at Ambient Temperature 
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Figure 12. Comparison of Predictions from Modified AS/NZS 4600 Equations with Test 
Results at Elevated Temperatures 
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Figure 13.  Comparison of Predictions from Modified DSM Equations with Test Results 
at Elevated Temperatures 
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Table 1. Dimensions of Type A and Type B Sections 
 
 
Section 
Thickness (mm) Section Sizes (mm)  
Length** 
(mm) 
Nominal BMT-
G250*
BMT-
G550*
 
h 
 
b 
 
d 
 
s 
 
Type A 
0.60 
0.80 
0.95 
0.54 
0.75 
0.94 
0.60 
0.80 
0.95 
30 
30 
30 
30 
30 
35 
5 
5 
5 
- 
- 
- 
200 
180 
180 
 
Type B 
0.60 
0.80 
0.95 
0.54 
0.75 
0.94 
0.60 
0.80 
0.95 
40 
40 
40 
30 
30 
30 
5 
5 
5 
10 
10 
10 
280 
240 
220 
*   Measured mean values of base metal thicknesses (BMT) 
** Length of specimen between the end plates 
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Table 2. Yield Strengths at Ambient Temperature and  
Reduction Factors for Elevated Temperatures 
 
 
 
 
 
 
 
 
 
 
                  *Yield strengths (YS) in MPa were determined based on 0.2% proof stress method 
 
Steels
Temp.(oC) 
 0.60 mm 0.80 mm 0.95 mm 
G550 G250 G550 G250 G550 G250 
20 1.000 1.000 1.000 1.000 1.000 1.000 
100 0.970 0.937 1.000 0.960 0.976 0.906 
200 0.956 0.922 0.992 0.918 0.963 0.823 
350 0.838 0.526 0.876 0.586 0.877 0.510 
500 0.403 0.323 0.429 0.360 0.471 0.327 
600 0.118 - 0.123 - 0.113 - 
650 0.097 0.163 0.093 0.180 0.082 0.164 
800 0.030 0.036 0.051 0.081 0.044 0.059 
YS at 20oC 675 314.5 620 297 615 320 
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Table 3. Elasticity Modulus at Ambient Temperature and  
Reduction Factors for Elevated Temperatures 
 
 
 
 
 
 
 
 
 
 
 
      *Elasticity Modulus (EM) is in GPa
Steels 
Temp.(oC) 
 0.60 mm 0.80 mm 0.95 mm 
G550 G250 G550 G250 G550 G250 
20 1.000 1.000 1.000 1.000 1.000 1.000 
100 1.00 0.998 1.000 1.000 1.000 1.000 
200 0.822 0.948 0.854 0.890 0.863 0.925 
350 0.652 0.630 0.710 0.550 0.688 0.627 
500 0.396 0.468 0.398 0.488 0.392 0.488 
650 0.264 0.265 0.310 0.343 0.322 0.350 
800 0.058 0.047 0.130 0.038 0.140 0.096 
EM at 20oC 220 200 201 200 200 200 
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Table 4. Comparison of Predicted Ultimate Loads from AS/NZS 4600 with Test Results 
at Ambient Temperature 
 
 
Specimen 
Ultimate Load (kN) Expt. /Predicted 
Predicted Expt. 
(Average) 
Actual Mean/ 
COV 
G550-0.6-20-A 
G550-0.8-20-A 
G550-0.95-20-A 
19.02 
30.70 
44.55 
19.7 
31.1 
42.9 
1.04 
1.01 
0.96 
1.00/ 
0.040 
G550-0.6-20-B 
G550-0.8-20-B 
G550-0.95-20-B 
18.89 
34.15 
54.09 
24.1 
39.6 
53.6 
1.28 
1.16 
0.99 
1.14/ 
0.127 
G250-0.6-20-A 
G250-0.8-20-A 
G250-0.95-20-A 
12.37 
19.08 
28.11 
12.8 
20.4 
31.4 
1.03 
1.07 
1.12 
1.07/ 
0.042 
G250-0.6-20-B 
G250-0.8-20-B 
G250-0.95-20-B 
12.76 
22.57 
32.60 
15.7 
26.0 
37.5 
1.23 
1.15 
1.15 
1.18/ 
0.039 
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Table 5. Comparison of Predicted Ultimate Loads from DSM with Test Results at 
Ambient Temperature 
 
Specimen 
Ultimate Load (kN) Expt./Predicted 
Predicted
Expt. 
(Average) Actual 
Mean/ 
COV 
G550-0.6-20-A 19.08 19.7 1.032 1.002/ 
G550-0.8-20-A 30.96 31.1 1.005 0.032 
G550-0.95-20-A 44.27 42.9 0.969  
G550-0.6-20-B 20.78 24.1 1.160 1.105/ 
G550-0.8-20-B 34.00 39.6 1.165 0.089 
G550-0.95-20-B 54.07 53.6 0.991  
G250-0.6-20-A 12.30 12.8 1.041 1.039/ 
G250-0.8-20-A 20.07 20.4 1.016 0.021 
G250-0.95-20-A 29.66 31.4 1.059  
G250-0.6-20-B 13.21 15.7 1.188 1.134/ 
G250-0.8-20-B 22.82 26.0 1.139 0.050 
G250-0.95-20-B 34.86 37.5 1.076  
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Table 6. Comparison of Predicted Ultimate Loads (kN) from Modified AS/NZS 4600 
Equations with Test Results at Elevated Temperatures for G550 Steel Sections 
Specimen Pred.1* Pred.2* Expt. Ave Expt/Pred.1 Expt/Pred.2 
G550-0.6-200-A 18.274 17.084 15.198 0.832 0.890 
G550-0.6-350-A 15.370 14.397 13.568 0.883 0.942 
G550-0.6-500-A 8.407 7.839 6.946 0.826 0.886 
G550-0.6-650-A 3.310 3.054 2.367 0.715 0.775 
G550-0.6-800-A 0.880 0.820 0.680 0.773 0.829 
                   Mean/COV      0.806, 0.079   0.865, 0.074 
G550-0.6-200-B 20.418 17.430 20.874 1.022 1.198 
G550-0.6-350-B 17.245 16.000 18.713 1.085 1.170 
G550-0.6-500-B 9.477 8.894 10.046 1.060 1.130 
G550-0.6-650-B 3.809 3.562 3.189 0.837 0.895 
G550-0.6-800-B 0.960 0.910 1.040 1.083 1.143 
                    Mean/COV    1.018, 0.102    1.107, 0.109 
G550-0.8-200-A 32.369 30.539 27.191 0.840 0.890 
G550-0.8-350-A 27.041 25.748 23.743 0.878 0.922 
G550-0.8-500-A 14.670 13.769 12.903 0.880 0.937 
G550-0.8-650-A 4.224 3.832 4.242 1.004 1.107 
G550-0.8-800-A 2.200 2.000 1.730 0.786 0.865 
                     Mean/COV    0.878, 0.091   0.944, 0.101 
G550-0.8-200-B 31.949 31.408 32.922 1.030 1.048 
G550-0.8-350-B 26.713 24.925 28.397 1.063 1.139 
G550-0.8-500-B 14.957 14.530 14.685 0.982 1.011 
G550-0.8-650-B 5.171 4.714 4.383 0.848 0.930 
G550-0.8-800-B 2.650 2.430 1.510 0.570 0.621 
                      Mean/COV   0.899, 0.224   0.950, 0.209 
G550-0.95-200-A 42.156  37.549 0.891  
G550-0.95-350-A 36.266  30.908 0.852  
G550-0.95-500-A 21.963  19.519 0.889  
G550-0.95-650-A 4.773  4.516 0.946  
G550-0.95-800-A 2.540  1.800 0.709  
   Mean/COV  0.857, 0.105 
G550-0.95-200-B 50.347  44.629 0.886  
G550-0.95-350-B 43.660  39.038 0.894  
G550-0.95-500-B 24.379  21.899 0.898  
G550-0.95-650-B 5.475  5.019 0.917  
G550-0.95-800-B 2.920  1.950 0.668  
                       Mean/COV   0.853, 0.122 
*Pred.1 = Ultimate load obtained based on the measured yield strength without using the AS/NZS 
4600 reduction factor of 0.9 while Pred.2 = Ultimate load obtained using this reduction factor. 
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Table 7. Comparison of Predicted Ultimate Loads (kN) from Modified AS/NZS 4600 
Equations with Test Results at Elevated Temperatures for G250 Steel Sections 
 
Specimen Pred.1* 
Exp. 
Ave 
Expt/ 
Pred.1 
 
Specimen Pred.1 
Exp. 
Ave 
Expt/ 
Pred.1 
G250-0.6-200-A 10.635 9.302 0.875 G250-0.6-200-B 10.858 14.630 1.347 
G250-0.6-350-A 6.798 5.886 0.866 G250-0.6-350-B 7.521 9.119 1.212 
G250-0.6-500-A 4.485 3.829 0.854 G250-0.6-500-B 5.129 5.871 1.145 
G250-0.6-650-A 2.254 1.906 0.845 G250-0.6-650-B 2.627 2.477 0.943 
G250-0.6-800-A 0.470 0.610 1.298 G250-0.6-800-B 0.540 0.860 1.593 
Mean/COV  0.948, 0.207 Mean/COV  1.248, 0.194 
G250-0.8-200-A 17.937 17.280 0.963 G250-0.8-200-B 20.521 23.071 1.124 
G250-0.8-350-A 11.094 10.234 0.923 G250-0.8-350-B 12.976 14.500 1.117 
G250-0.8-500-A 7.348 7.118 0.969 G250-0.8-500-B 8.715 8.455 0.970 
G250-0.8-650-A 3.708 3.184 0.859 G250-0.8-650-B 4.563 4.078 0.894 
G250-0.8-800-A 1.240 1.360 1.097 G250-0.8-800-B 1.250 1.430 1.144 
Mean/COV  0.962, 0.091 Mean/COV  1.050, 0.106 
G250-0.95-200-A 23.560 25.171 1.068 G250-0.95-200-B 27.249 28.400 1.042 
G250-0.95-350-A 15.120 18.091 1.196 G250-0.95-350-B 17.449 19.666 1.127 
G250-0.95-500-A 9.752 10.382 1.065 G250-0.95-500-B 11.413 11.737 1.028 
G250-0.95-650-A 5.046 4.978 0.986 G250-0.95-650-B 5.784 5.361 0.927 
G250-0.95-800-A 1.690 1.470 0.870 G250-0.95-800-B 1.940 1.940 1.000 
Mean/COV  1.037, 0.116 Mean/COV  1.025, 0.071 
*Pred.1 = Ultimate load obtained based on the measured yield strength  
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Table 8. Comparison of Predicted Ultimate Loads from Modified DSM Equations with 
Test Results at Elevated Temperatures 
 
 
 
Specimen 
Expt./Pred. 1 Expt./Pred. 2 
Mean COV Mean COV 
G550-0.6-A 0.771 0.069 0.834 0.076 
G550-0.8-A 0.845 0.105 0.922 0.101 
G550-0.95-A 0.833 0.128   
G250-0.6-A 0.940 0.214   
G250-0.8-A 0.924 0.152   
G250-0.95-A 0.950 0.109   
G550-0.6-B 0.984 0.085 1.059 0.089 
G550-0.8-B 0.832 0.224 0.893 0.223 
G550-0.95-B 0.840 0.153   
G250-0.6-B 1.229 0.182   
G250-0.8-B 0.998 0.124   
G250-0.95-B 0.947 0.065   
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Table 9. Comparison of Limiting Temperature versus Load Ratios 
 
Temp 
(oC) 
G250 steel G550 steel SCI – All Sections 
Type A Type B Type A Type B Columns in walls Studs 
200 0.792 0.859 0.840 0.843 - - 
350 0.513 0.554 0.724 0.741 >0.80* 0.80* 
500 0.326 0.337 0.408 0.399 0.550 0.480 
650 0.155 0.153 0.120 0.112 0.20* 0.18* 
* extrapolated based on the load ratios given for the temperature range of 445 to 605oC 
